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Nanometer-scale studies of vertical organization and evolution of stacked
self-assembled InAs/GaAs quantum dots
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We have investigated the vertical organization and evolution of 1-, 5-, 10-, and 20-layer stacks of
molecular beam epitaxially grown self-assembled InAs/GaAs quantum dots using high resolution
and large-scale cross-sectional scanning tunneling microscopy. We report results regarding the
evolution of the dot sizes and shapes, and the assembly of vertically organized columns of stacked
dots. As the number of dot layers within a stack is increased, the average spacing between vertically
organized columns decreases, and the corresponding dots become more uniform in size. The data
also suggest that the coalescence of neighboring stacks of dots has not occurred and therefore
coalescence is not the mechanism leading to the observed uniform distribution of dot sizes and
column spacings. ©1999 American Institute of Physics.@S0003-6951~99!02619-4#
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The formation of quantum dots during epitaxi
growth1–3 has gained considerable interest in recent ye
due to the ease with which low-dimensional structures can
produced by self-organized growth in comparison with po
growth lithographic patterning. Dense arrays of uniform
sized dots are required for both electronic and photo
applications.4 Meanwhile, variations in the size and shape
such dots significantly impact their electronic structure a
luminescence properties.5 Hence, the nanometer-scale deta
of the uniformity of dot organization, as well as the evoluti
of dot shapes and sizes in capped self-assembled qua
dots are critical for the development of novel photonic a
electronic applications. Therefore, we have investigated
vertical organization and evolution of 1-, 5-, 10-, and 2
layer stacks of molecular beam epitaxially~MBE! grown
capped self-assembled InAs/GaAs quantum dots using u
high vacuum~UHV! cross-sectional scanning tunneling m
croscopy~XSTM!. In this letter, we report results regardin
the mechanisms and the lateral uniformity of se
organization in the InAs/GaAs system. High resolution a
large-scale images show that the stacked InAs/GaAs q
tum dots have self-organized into columns, with the verti
column axis primarily along the@001# growth direction,
similar to earlier reports.5–13 However, in some cases, th

vertical column axis is rotated towards the@110# or @ 1̄1̄0#
direction. As the number of dot layers in the stack is
creased, the linear density of vertically organized colum
increases, and the average spacing between vertically o
nized columns decreases. Surprisingly, the spacing betw
the columns is constant throughout the thickness of a part
lar stack of dots. In the 1-layer stacks, the dots have an
shape. In both the 5- and 10-layer stacks, the dot sha
become progressively less symmetric about@110#, and the
dot sizes increase monotonically towards the top. In the
layer stacks, the top few dot layers are more uniformly siz
and often develop distinct facets. In addition, neighbor
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vertically organized columns occasionally appear close
gether, but unlike previous reports,12,13 these columns have
not coalesced.

The samples were grown by solid source MBE, using
As4 source. The 1-, 5-, 10-, and 20-period dot stacks cons
ing of 2.6 ML InAs and 5 nm GaAs were grown on Si-dope
(n;331018cm23) GaAs~001! substrates.14 In order to pre-
vent the interaction of strain fields from different dot stack
each stack was separated by a 140 nm multilayer consis
of a 40 nm total thickness AlAs/GaAs short-period superl
tice sandwiched between two 50 nm GaAs layers, which
refer to as an isolation layer. The dots and isolation lay
were grown at 510 and 620 °C, respectively. In preparat
for XSTM, the samples were thinned to;150 mm using
conventional mechanical polishing from the backside. F

XSTM, the samples were cleaved to expose a (11̄0) surface,
in a UHV chamber with base pressure,5310211Torr.
STM was performed with both electrochemically etch
polycrystalline W and commercially available Pt–Ir tips. Th
tips were cleanedin situ by electron bombardment. All im-
ages were obtained with a constant tunnel current of 0.2
and sample bias voltages as described below.

Figures 1~a! and 1~b! show large-scale XSTM topo
graphic images of 1-, 5-, and 10-layer dot stacks, displa
with the growth direction from the bottom to the top. T
date, we have not obtained images of the 20-layer dot sta
presumably because the cleaved surface is not atomically
in that region. In Fig. 1~b!, 1- and 5-layer dot stacks, sep
rated by an isolation layer, are observed in the bottom
top of the image. Within each dot stack, bright ellipses
InAs sandwiched between darker layers corresponding
GaAs are observed. Similarly, in Fig. 1~a!, 5- and 10-layer
dot stacks, separated by an isolation layer, are observe
the bottom and top of the image. In these dot stacks, br
ellipses of InAs sandwiched in GaAs are also observed
Figs. 1~a! and 1~b!, both the 5- and 10-layer stacks hav
self-organized into columns, with the vertical axis of the c
umn primarily along the@001# growth direction. Occasion-
4 © 1999 American Institute of Physics
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ally, the vertical column axis of a dot stack is rotated towa

the @110# or @ 1̄1̄0# direction. This occurs most often toward
the top of a 10-layer dot stack. The vertical column a
rotation occurs in two different ways. In some cases,
normal of an individual dot is rotated 7°–11° away from t
@001# direction. In other cases, the normal of the dot rema
in the @001# direction, and instead a misalignment in d
stacking has occurred, where the center of the dot app

offset 5–10 nm laterally~towards the@110# or @ 1̄1̄0# direc-
tions! from the center of a dot beneath it.

It is apparent from both Figs. 1~a! and 1~b! that the spac-
ing between vertically organized columns decreases with
creasing number of stacked dot layers, similar to theoret
predictions.15 In particular, the average spacing between v
tical columns decreases by a factor of 1.5 for the 5-la
stacks in comparison with the 1-layer stack. Similarly, t
average spacing between vertical columns decreases
factor of 1.5 for the 10-layer stacks in comparison with t
5-layer stacks. Interestingly, this spacing between the
umns is constant throughout the thickness of a partic
stack of dots. However, during deposition, a dot does
know a priori whether it will be part of a 1-, 5-, or 10-laye
stack. Furthermore, the initial GaAs/dot interface in ea

FIG. 1. Large-scale topographic images showing~a! 10- and 5-layer and~b!
5- and 1-layer stacks of InAs/GaAs quantum dots. The images were
quired at sample bias voltages of~a! 22.5 V and~b! 22.2 V. The gray-scale
ranges displayed are~a! 13.6 Å and~b! 10.5 Å.
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stack is atomically abrupt. Consequently, the average s
ing between the self-organized columns is unlikely to
determined during dot deposition; instead, bulk diffusi
processes~occurring primarily during the growth of the iso
lation layer following each stack16! are likely to be determin-
ing this length-scale. An estimation of bulk In–Ga interd
fusion based upon literature values17 results in diffusion
lengths significantly smaller than the spacing between the
and 10-layer dot columns. However, when the effects
strain are considered,18,19 the diffusion lengths are similar to
the spacing between dot columns, suggesting that this e
is enhanced by strain.

The evolution of the dot sizes and shapes is reveale
Fig. 2, which contains high resolution images of~a! 10-, ~b!
5-, and~c! 1-layer stacks of dots. In Figs. 2~a!–2~c!, fringes
with a spacing of 5.65 and 6.06 Å, corresponding to t
~001! planes of GaAs and InAs, are observed in the dar
and brighter regions of the image, respectively. In Fig. 2~c!,
the brighter oval shaped region corresponds to a typ
1-layer InAs dot, which is asymmetric about the@110# axis,
with a higher radius of curvature in the upward@001# than in
the downward@001̄# direction. Although most of the 1-laye

c-
FIG. 2. High resolution topographic images of~a! 10-, ~b! 5-, and~c! 1-layer
stacks of InAs/GaAs quantum dots, obtained at sample bias voltages o~a!
22.2 V, ~b! 22.5 V, and~c! 22.2 V. The gray-scale ranges displayed a
~a! 9.7 Å, ~b! 7.3 Å, and~c! 4.0 Å.
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dots have a similar shape, symmetric ellipse-shaped 1-l
dots are also occasionally observed. In general, the 1-l
dots have diameters ranging from 16 to 21 nm, and heig
ranging from 4.5 to 7 nm, similar to earlier XTEM
reports.6,7,14

In the 5-layer dot stack, shown in Fig. 2~b!, the dots near
the bottom of the stack have a symmetric ellipse shape, w
diameters similar to the 1-layer dots. The apparent lat
extension~or diameter! of the dots in the 5-layer stack in
creases monotonically along the@001# growth direction. The
maximum dot diameter at the top of the 5-layer stack ran
from 20 to 25 nm. The apparent increase in dot diamete
balanced by depletion of InAs from the wetting layers b
tween the vertical columns of stacked dots. Towards the
of the 5-layer stacks, the dot shapes become progress
less symmetric about the@110# direction, and distinct facets
are often observed. In particular, the angles between
~001! plane normal and the normal to the InAs/GaAs int
face profile range from 11° to 32°. Assuming that the face
surfaces are normal to the cleaved surface, the obse
angles correspond to~112! to ~117! facets.

In the 10-layer dot stack, shown in Fig. 2~a!, the dots
near the bottom have a symmetric ellipse shape, with ap
ent lateral extension similar to the 1- and 5-layer dots. T
dot diameter in the 10-layer stack increases monotonic
along the@001# growth direction until sometime after the 5t
layer, when it reaches a 30–34 nm saturation. Similar to
5-layer dot stacks, the increase in dot diameter is balance
the depletion of InAs from the wetting layers. Also, near t
top of the 10-layer stacks, the dots become less symm
about the@110# direction, and sometimes develop a cresc
shape. Near the top of the 10-layer stack, most of the an
between the normal to the~001! plane and that of the InAs
GaAs interface profile range from 10° to 15°, correspond
to ~115! to ~118! facets.

Figure 3 shows an image of two adjacent columns
10-layer dot stacks, where 5 and 6 dot layers of each s
are displayed. These columns of dot stacks appear clos
gether, yet they have not coalesced. Note that it is likely t
these two columns would appear coalesced in a transmis
electron microscopy~TEM! image, as has been shown in a
earlier report,13 due to the averaging through the thickness
the foil inherent in TEM. In many similar large-scale image
we observe a uniform distribution of dot sizes and colu
spacings at the top of 10-layer stacks of dots, yet we have
observed the coalescence of these columns of dot sta
Hence, we conclude that the coalescence of dots from ne
boring 10-layer stacks is not the mechanism leading to
observed uniform distribution of dot sizes and column sp
ings. Instead, the uniform distribution of dot sizes and c
umn spacings is likely to be influenced by strain-enhan
bulk interdiffusion processes. In Fig. 3, it is also interesti
to note that the dots from adjacent columns are stacked o
from one another along the@001# direction such that an InAs
dot of column A is lined up with a GaAs cap of column B
This effect may be due in part to roughening of the surfa
occurring during the growth of the 10-layer dot stack. A
suming that the average dot diameters in each column
similar, we expect that the center axis of each column

located at a different depth below the cleaved (11̄0) surface.
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